Pipe-bottle tests were conducted fo investigate the permeation of benzene, toluene,
ethylbenzene, and xylene (BTEX) compounds through 1-in-diameter high-density
polyethylene (HDPE) pipe exposed lo gasoline-contaminated water and gasoline-
contaminated unsaturated soil. Using the time-lag method, the concentration-
dependent diffusion coefficients of BTEX compounds were estimated to be onthe
order of ~2 to ~9 x 10-Y cm¥/s, Smaller pipes were more vulnerable to permeation
than larger pipes, and pipes subject to periodic stagnation were more likely to
exceed the maximum contaminant level of benzene than were pipes with continuous
water flow. Under otherwise identical conditions, HDPE pipes buried ina soil of

high organic matter were permeated to a lesser extent than pipes buried in a soil

of low organic matler for exposure times exceeding 30 days.

olyethylene (PE) pipes have excellent abrasive-, impact-, and
corrosion-resistance properties and are widely used in water
service line connections and, to a lesser extent, water mains
(Chevron Phillips Chemical Co., 2003). However, strong evi-
dence from the literature and field studies suggests that organic
contaminants permeate PE pipes and adversely affect the quality of drink-
ing water in distribution systems. According to a survey completed in the
1980s, PE pipes were involved in 39% of total incidents of drinking water
contamination resulting from permeation by organic contaminants
(Thompson & Jenkins, 1987). Contamination by aromatics and chiori-
nated solvents in drinking water as a result of permeation through PE pipes
was more likely after a period of water stagnation in the pipe (Holsen et al,
1991a). In a recent survey, 3 of 44 permeations involving drinking water
service connections were associated with PE pipes, whereas the bulk of the
incidents were associated with polybutylene (PB) pipes (Ong et al, 2008).
The permeability of organic compounds through PE pipes is attributed
to the structural characteristics of FE. PE Is characterized as a semicrys-
tatline polymer, having both crystalline and ar mrpiwm regions. The
crystalline zones act as impermeable barrlers for diffusion, whereas the
noncrystailine matrix (amorphous regions) is readily pen ”‘i’?ﬁ“@bfﬁ?& because
the polymeric chains in the amorphous areas are relatively “mobile”

This article was derived ,rom the research repart impact of Hydrocarbors on PE/PYC Pipes
_and Pipe Gaskets (81204) with the permission of the Water Research Foundation. The full
J report is free and available to Foundation subscribers by calling 303-347-6121 or logging
on to www . waterresearchfoundation.org.
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(Naylor, 1989). Hecause of the nonpolar nalure of PE,
lipophilic organic compounds can rapidly permeate
through PE pipes, whereas PE pipes demonsirale excel-
lent resistance to permeation by strongly polar com-
pounds (Vonk, 1985},

Although itis well known thal organic compounds
readily permeate PE pipes (Thompson & Jenkins, 1987,
Vank, 1985), significantly less effort has been devoted to
simulation of field contamination conditions; as a result,
few data are available that can be applied to predict per-
meation behavior in the field. Vonk {W%} reported dif-
fusion coefficients for a wide range of organic compout nds
in PE pipes, but his study focused on the permeation of a
single compound from aqgueous solutions under well-
mixed conditions. Hecause permeation can occur either in
the vadose zone or the saturated zone (FWR, %‘f“@?} ague-
ous exposure experiments alone are insufficient 1o simu-
late a comprehensive permeation behavior mf g:s pes in the
subsurface environment., Moreover, most chemical spills
and contamination episodes in the field involve organic
mixtures, The permeation characteristics of mixtures may
differ widely from those of single organic compounds
because of synergistic effects, Mark and co-workers (1991}
ed that organic chemicals that do not readily perme-
ate PE pipes when present alone can have thelr permeabil-
ity enhanced considerably when they are mixed with
highly permeable organic chemicals. In addition, soil fype

and characteristics may have a significant effect on the
permeation of organ {, {:omr}ou nds through pipe materials

by implicitly determ ng the effective availability for
permeatio {H«:}Egm et al, 1991b).

Gasoline leaks and w} s account for "ksﬂméy 90% of
reported incidents of permeation of water distribution

systems in the United States (Ong et al, 2008; Ehmmpw

& Jenkins, 1987). The objectives of the current study
were first, to simulate the permeation of benzene, ‘&@Eu—
ene, ethylbenzene, and xylene (BTEX) compounds int

potable water in high-density polyethylene (HDPE) pi pé@
from gasoline-contaminated groundwater as well as
gawmaﬂ contaminated unsaturated soil, and second, to
determine permeation rates and diffusion coefficients
necessary for developing empirical eque& jons to predict
permeation behavior under conditions of contamination
that are commonly encountered in the field. The effects

of organic matller in soif were also examined. Benzene
was emphasized for predi f;:’i"we purposes because it has
the highest diffusion coeflicients and agueous solubility
and by far the lowest maximum contaminant level (MCL)
established by the US Environmental Protection Agency
for the BTEX compounds.

MATERIALS AND METHODS

Materials. Nominal 2.54-cm (1-in.) HDPE pipe, stan-
dard inside dimension ratio (SIDR) f% was obtained from
an HDPE pipe manufacturer. ? Premium gasoline was
purchased from alocal gas stalion, a"ed the concentra-

tions of benzene, foluene, ethylbenzene, m-xylene, and
o+p-xylene in the gasoline were determined by gas chro-
matography to be 19.8, 75.9, 14,7, 33.7, and 32.5 g/L
respectively. Three types of solls—silica sand,? organ
topscil, and a mixiure of sand and topsolf—were used m
the experiments. The organic m;:mm% which was pur-
chased from a local store, was air-dried md then sieved
to a fine-enough size to pass ‘Hroug% 2-mim sieve.
Another soll was prepared by combining ;z{ proximately
equal parts of silica sand and dried, sieved, organic top-
soil with a mixer.? Triplicate samples were taken ran-
e:mméy from each prepared sobl and analyzed for their
mportant physical and chemical properties according fo
M&Hmd& of Soit Analysis (Klute, 1986; Page, 1986), The
organic carbon content of the organic topsoll and the

The presence of reductive dehalogenation
products (dibromoacetic acid, bromoacetic
acid, and bromide) indicated that abiotic
reduction at the pipe wall was the dominant
tribromoacetic acid loss process.

sangd-topsoil mixture was determined as ‘cx 1 and 1.9%,
respectively, and the organic carbon content of the silica
sand was below the delection limit, The @m%y@ s for soil
particle size distribution also indicated that all three soils
were sand-dominated (93% or higher).

MApparatus. Experiments were mmdumm using a pipe-
bottle apparatus (Figure 1}, consisting of a 1-L glass
bottie with HDPE pipe mounted horizontally through
holes drilled in the glass. The connections between pipe
and bottle were sealed with plastic epoxy4 and further
covered by epoxy putty4 The ends of the pipes were
WEM with l‘““"“‘f‘i‘“E plugs. One of the PTFE plugs had a

mall hole thal was wéuggm with a threaded brass plug
tm attow fitling and draining of the waler inside the pipe
with a glass syringe. The bottle was capped with a PTFE-
lined cap. The total surface area of PE pipe exposed to
the bulk solution was approximately 81.9 em2. To sim-
plify the experimental system and facilitate sase in han-
diing the pipe-boltle apparatus, all experiments were
conducted al room temperature (23 & 1.59C),

memm of HDPE pipes to gasoline- mnmmmamd water.
Gasoline-saturated waler was prepared by mixing 350
mi. of maé ium gascline and 3.5 L of delo m:i waler
ina 4-L glass botile for 48 h usi ng & magﬂ@% ¢ stirrer,
(Several preliminary experiments indicated that a mix-
fng ti ‘?'mw of 48 h was suffic em o produce a saturated
sotution.) Fresh gasoline- @ezmrmM waler was prepared
W@@kéy throughout the study. The concentration of dis-
solved BTEX was ~150 mg/L, which was stightly higher
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than the average value of 135 wg;/i_ reported by other
researchers for waler saturated with gasoline of differ-
ent grades (Cline et al, 1991}, Benzene and foluene
accounted for nearly %% of total dissolved
Concentrations of 50, 10, and 1% of saturation were
prepared by diluting the gasoline-saturated mm
with delonized water. The BTEX concenlrations in {h&
four aqueous solutions typically reflected the mme&ﬂ‘ira-
tion range of BTEX found in groundwaler associated
with gasoline spills and leaks.

For each experiment, the mini pipe-bottle apparatuses
were filled with silica sand until the bottle was nearly full,
Sodium azide (1.5 g) was added to inhibit potential bio-
degradation of BTEX and was thoroughly mixed with
the sand by rotating the bottle, The bottle was loosely
capped with a PTFE-lined cap in which a small hole was
dritled to accommeodate a FTFE tube that reached fo the
botiom of the b@ E@ Lsing a pump, ¥ agueous gasoline
sctution was then introduced into the sand through the
FTFE tubing fr‘mm h(:) tom 1o top until the bottle was Tull.
The FTFE tube was removed along with the cap, and the
bottie was then tightly capped with a PTFE-Hined cap
with no hole, The final water level was &wpmx mately 2
cm above the surface of the soll, with minimum head-
space, The apparatuses were wrapped with aluminum
foil to minimize photodegradation

The silica sand and the agueous solution were replaced
each week with new sand and fresh aqueous gasoline
solution to maintain relatively constant aqueous concen-
trations of BTEX in the bottle. BTEX concentrations in
the soli-pore water were measured periodically. For sam-
ple collection, the pipe botties were gently rotated %Wrm
times and ?h@n allowed to sit undisturbed for 10m
Liguids above the soils were collected in vials usi ”&g
géa% syringe and thm centrifuged at 5,000 rpm for 10

min. These supernatant liquids were analyzed in the same
manner asthe pipe walter samples and were considered
to simulate contaminated groundwaler in the field,

Exposure of HDPE pipes to unsaturated gasoline-contam-
inated soil. Four levels of gasoline-contaminated soil were
wrﬁ-‘*mred by spiking 1 kg of the sand-topsoil mixture

with known amounts of premium gasoline and mixing
the soil by rotating the soi E container for one week. The
volumetric moisture content of the soil was adjusted to
approximately 10%, wh cif v was above the water content
of soils equilibrated at a relative humidity » 98% (Holsen
et al, 1891b). The amounts of BTEX sorbed onto the four
sobls were determined using methanol exiraction and
analyzed by gas chromatography. The total BTEX

amounts in the four soils were found to be 32, 88, 388,
and 1,216 mg/kg dry soil. Toluene and xylene were the

major aromatic compounds inthe soil, accounting for
approximately 80% of the total BTEMX.

In these experiments, gasoline-contaminated soils were
packed into the pipe-hottle ﬁpmrmm Wnder those con-
ditions, mass transfer limitations in the soil might have

idly by the pipe wzaEE dmm% %g the ¢
organic compounds m the soil mm@d lately ad;%e tto
the pipe wall. Because of volatilization and diffusion, the
f;zmmeamm‘%:ém of BTEX inthe m% nd surroundis '}g the
pipes may not have remained constant over the experi-
mental peri wd Throughout the experiments, waler inside
the pipes was drained for BTEX analysis and replenished
with fresh delonized waler. Al the end of the experiments,
soil samples were mEEme from the top layer (~4 cm
above the pipe), middle layer (surrounding the pipe), and
bottom anw {~ /f» cm below the pipe}, and the residual
BTEX in the soill was extracted by methanol and analyzed
by gas chromatography.,

Effect of soil organic matter on permeation. Pipe-bottle
apparatuses were prepared using the three types of soil:
silica sand, mg;m topsoll, and a sand-topsoll mixdure,
The soils were initially soaked with aqueous gasoline-
saturated solutions, ”“E"ha experimental procedures were the
same as de&&;zxré bed insimulated groundwater experiments
excep“ that the solls and aqueous solutions were not
replen [”w:ﬁ Soil-pore water and pipe water were collected
periodically, and the BTEX concentrations were measured.
To compensate for the Hauid loss (~4 mbL) from sampling

and to maintain zero headspace, additional fresh gasoline-
saturated waler was added to each bottle immediately
fméémw ing sampling. The additions did not affect the con-
entration of BTEX insoil-pore water because the total
ama ity of soil-pore water (~400 ml.) was much grealer
than the volume of fresh gasoline-saturated waler added.

Gas chromatographic determination of BYEX, BTEX was
determined using & gas chromatograph © equipped with a
packed column (1.8 m % 2 mm, 1% SP-1000 on @@fé%@
mesh’), a photolonization detector, and an auto wm prirge-
and-trap concentrator.® The method detection limits for
benzene, toluene, sthylbenzene, m-xylene, s&mﬁ Mp—xy%eme
were 0.24, 0.24, 0.26, 0.29, and 0.53 ug/L., respectively.

FIGURE 1 Pipe-bottle apparatus

PTFE-lined cap

Exposure media
Pipe

Pipe water
Sealant
PTFE plug Threaded
brass plug
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Determination of diffusion coefficients. The time lag, 7,
was determined using a plot of cumulative mass perme-
ated per unit surface area, @, versus time. T, is the
intersection with the time axis of the asymplote of Q
versus § al steady-state conditions, If diffusion fakes place
ina hollow cylinder with inner and outer radii of a and
b, respectively, the diffusion coefficients, D, can be esti-
mated by Eq 1 (Crank, 1975}

b2-a2 " (a2 " b2)In()

- 5 (1)
4T, In(p)

RESULTS AND DISCUSSION

Results for exposure of HDPE pipes to gasoline-con-
taminated water. Figure 2 plots the cumulative mass
permeated per unit area for BTEX compounds at four
levels of contamination. Permeation parameters are
detailed in Table 1. Among BTEX compounds, benzene
was the first {o be detected in the pipe water, primarily
because of the high concentration of benzene in the
simulated groundwaler and its relatively smaller molec-
ular diameter. Once breakthrough occurred, the level of
benzene in the pipe waler quickly exceeded the MCL (5

FIGURE 2 Cumulative mass permeated per unit surface area Q for BTEX compounds in 1-in. SIDR 9 HDPE pipes exposed
to four concentrations of gasoline-contaminated water
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pg/l.). The breakthrough of toluene was slightly behind and 1.8 x 10-% to 3.3 = 10-9 em?/s, respectively, and are
that of benzene, whereas ethylbenzene and xylene were summarized in Table 2 for the different bulk exposure
detected fater and at much lower concentrations, Gi w*n concentrations, For purposes of comparison, Table 2

the relatively high MCLs for foluene (1,000 pg/l) an includes diffusion owf%’ ents from other Mud ies,
hy%bewme (700 pg/l), Htook significant expmur& As shown in Table 2, diffusion coefficients from the
times for the pipe waler concentrations of these com- current study and oimr m%mah were on ’éh@ same order,

pounds to excead the MCLs after breakthrough. Because approximately 10-9 em2/s, despite differing polymer
composition, crystaliin &‘y, concentration of con ammmm

and experimental conditions. Diffusion coefficients for
Three-dimensional laser-nduced toluene obtained from this study using HDPE p pé&; were
similar to those of Vonk’s research {1985) using low-
fluorescence techniques were applied for density polyethylene {LQWE} pipes. Table 2 also indicates
the first time to visualize and quantitatively that diffusion coefficients were concentration-dependent
and increased with an increase in bulk exposurs concen-
investigate mixing in an ozone contactor tration. This concentration effect may be attributed

increased mobility of polymer segments resulting from
increases in the average free volume in the polymer
caused by the presence of the diffusing contaminant,
For each of four wm?amékw?ém Ee*wéss insignificant
of the extremely high MCL for xylene (?O 000 pg/ly, Hs differences in the diffusion coefficients of benzene and
MOCL was not exceeded within an experimental period toluene were found, which mgr?éd with the results of
of 140 days. Figure 2 also shows that breakthrough time Sangam and Rowe (2001) for HDPE geomembranes but
émc:r@%@e:ﬁ with lower BTEX groundwater contamination, conflicted with those of Joo and colleagues (2004) for
suggesting that higher bulk groundwater Mydmcmbmn HDPE geomembranes. In the latter study, the diffusion
concentrations lead to earlier breakthrough times. coefficient of benzene was found 1o be 1.5 times higher
Diffusion coefficients, D, of benzene and toluene al than that of toluene for a bulk concentration m‘ 30
four fevels of contamination were estimated using the mg/l.. One possible explanation for the nearly identical
time-tag method shown in Eg 1. Diffusion coefficients for permeation of benzene and toluene detected in ‘iE“tea cur-
benzene and toluene ranged from 1.8 x 10-2 {0 3.6 x 10-9 rent study might be the synergistic effect of organic

used for water disinfection.

TABLE 1 Permeation parameters for benzene, toluene, ethyibenzene, and xylenes in 1-in. SIDR 9 HDPE pipes exposed

to gasoline-contaminated waler
Time That
External Bulk Breakthrough MCL Was Steady-state
Exposure Concentration Time* Exceededt Time Lag Permeation Rate

Conditions Chemical my/ L day day ey pe/em/d
100% Saturated Benzene 67.5+4.9 13 14 51 1.044
with  gasotine Toluene 56.2+4.9 20 39 55 1.011
Ethyibenzene 2.0 +0.3 41 94 &8 3.020
m-Xylene 50+07 41 68 0.047
otp-Kylene 50+08 41 67 0.047
50% Saturated Benzene 312429 17 17 52 3.344
with gasoline Toluene 263424 23 44 &1 0,325
Ethyibenzene 1001 48 133 7E 0.008
m-Xylene 24+03 48 76 0.017
otp-Kylene 3.0+04 48 74 0.017
10% Saturated Benzene 6.0+086 26 26 64 0.057
with - gasoline Toluene 52404 29 79 72 0.082
1% Saturated Benzene 06203 43 46 104 0.0046
with - gasoline Foluene 05203 43 110 0.0042

HDPE-—~high-density polyethylene, MCL—maxirmum contaminant level, SIDR—-standard inside dimension ratio

“Breakthrough time is defined as the time a chemical takes to permeate through the pipe material to be detected in pipe water

1The mass permeated per unif area (Q_MCL) at which the concentration in the pipe-water would reach the MCL was calculated. The time that the MCL was
sxceeded for each testing condition was then estimated by interpolating the Q_MCL i the permeation curves as shown in Figure 2 Blanks indicate that MCL was
rot exceeded within the experimental period of approximately 140 days
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compounds on permeation. Most of the studies reported
in Table 2 were based on the permeation of a single
organic compound in aqueous solution through the
polymeric material, whereas the current study used
gasoline-contaminated water, which is a mixture of
organic compounds. The presence of benzene with
toluene 1 may en nhance the diffusion of toluens ?E’tr‘“muc}h
HIJPE pipes. Synergistic effects were also observed |
the study by t”’ark and co-workers (1991} in which méu—
ene permeation through PB pipe was considerably
enhanced by Ehe& presence of trichloroethylene,

The steady-siate ;36‘(”(6‘5&? n rates, P, (ug/em2/d),
were strongly dependent on the bulk (external} concen-
tration, Cpuy (mg/l), ind Wf soil-pore water. On the basis
of the measured data, two empirical correlation equa-
tions, Egs 2 and 3, were oblained;

Ez:g 2 was used to estimate the concentrations of benzene
n the pipe water for a given bulk contaminant concentra-
Hon af{&*r a period of stagnation. Water stagnation, rep-
resenting the worst-case scenario, typically occurs ri uring
E*&e night inservice lines of resi dw nces and office build-
ings. The concentration of contaminant in pipe waler,

C 1 be estimated by Eg 4

ows CAN
‘ M
Cou (4)
Ppx xOD xL oxt

Vex | M) Zx Ly

4xf<(ﬁbéflkﬁ x QD % LC x i
ID2x Ly

in which M is the total mass of permeated contaminant
(bg), Vis the volume of water in the pipe (L) f is the

Py = 0.0079C gy 1929 for benzens @) period of stagnation (day), Lqis the length of con-
(R2=0998 n= taminated pipe (cm), Ly is the total length of pipe (cm),
and 1D and O are the inside and outside diameters,
P = 0.0087C gyt 1444 for toluene 3) respectively, of the pipe (em). As described previously,
(R? = 0.997, n=4, 0.07) P ts a function of the bulk concentration of con-
TABLE 2 Comparison of diffusion coefficients oblained from the current study with those from previous studie
Organic Exposure Concentration Diffusion Coefficient
Chemical Materials mg/ L x 10°9 em#/ s Reference
Toluene HIPE pipe 56.2 + 4.9 3.4 Current study
Wall thickness: 3.1 mm 263 2 2.4 3.0
52+04 2.6
0.5+03 1.8
Toluene LDPE pipe 91 £ 16 4.7 Vonk, 1985
Wall thickness: 3.5 mm 48+ 11 3.9
3145 3.9%
29+13 3.5"
Toluene HIPE geomembrane 30 3.3 Joo et al, 2004
Thickriess: 2.0 rmm
Toluene HIPE geomembrane 100 53 Park et al, 1996
Thickness: 0.76 mm ) 38
10 3.2
Toluene HIPE geomembrane 2 3.0 Sangarn & Rowe, 2001
Thickness: 2.0 mm
Benzene HIPE pipe 675 +4.9 3.6 Current study
Wall thickness: 3.1 mm 32229 35
60+06 2.9
0.6 +£03 1.8
Benzene HIPE geomembrane 30 8.5 Joo et al, 2004
Thickness: 2.0 mm
Benzene HIPE geomembrane 2 3.5 Sangam & Rowe, 2001
Fhickness: 2.0 mm
@2008 Awwa Resesrch Foundation. From Ong, 3.K., LA, Gaunt, F. Mao, C.L. Cheng, L. Esteve-Agelet, and CR. Hurburgh. Impact of Hydrocarbons on PE/PYC Ripes
anet Pipe Gaskets, Reproduced with permission
HOPE—high-density polyethylene, LDPE—low-density polyethylene
“Caloulated o the basis of the permeation data in the reference
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taminant | s indicated
inEg 2.

To simplify the calculation, the ratio of Loto Ly
(Whé@i‘} would be the relative proportion of contaminated

pipe) was arbitrarily set to four values (1:1, 1.5, 1.10,
and 1:20}, and the period of stagnation, f was set to 8 h,
With these simplifying conditions, the estimated bulk
concentrations, Cyuy, (at steady-state permeation) that

in the soll-pore water, f{Cpu), @

would result in exceeding the benzene MCL of § pg/l. in
i

a 1-in. SHOR 9 iron pipe size HDPE pipe for a stagnation
period of & hwere ~1, 4, 8 and 15 mg/l., corresponding
to Lo-to-Lyratios of 11, 1.5, 110, and 120, respec-

tively. For practical purposes, ‘?E”er@ is no concentration
of benzene at which HDPFE pipe Is immune from perme-
ation. Therefm@ in Hw wem m‘a known gasoline or
solvent spill in the vicinity of an HDPE service line,
mm:ﬁd ate {:mr%? fve m fon should be taken because the
MOCL for benzene will likely be exceeded quickly. Replace-
ment with copper is the most commonly used corrective
action in such circumstances (Ong el @éy 200@}“

Wnder normal distribution conditions, the contami-
nant concentration will be affected ty iw water flow

e in the pipe. Assuming full pipe flow and complele

ixing of the permeated contaminant in the pipe water,
the concentration of benzene in pipe water, C,,, can be
estimated by Eg &:

M

v (5)

Cow
Ppx xOD xL oxt  AxfCpy)* 0D x L
gt ‘ iD2xvy

inwhich g is the water flow rate (cm3/d) and v is the aver-
age waler flow velocity (em/d), Typl mé%y the average walter
flow velocity recommended for plastic pipes, v ranges from
0.06 to 3.7 m/s (Chevron Phillips Chemical u::“, 2003}, By
setting the average waler flow velocities al four values
(0.06, 0.30, 0.61, and 1.52 m/s), the length of contaminated
pipelines, Lo, required (at steady-state permeation) to
exceed the MCL of benzene was estimated for a specific
bulk concentration. Resulls are shown in Figure 3.

F**‘gure 3 indicates that only very low water flow
velocities (< 0.3 m/s) pose a risk of exceeding the MCL
for Zwmeﬂ ne under the conditions of full pipe flow. To
exceed the benzene MCL wmu@d require a contaminated
pipeline more than 100 m in length and a bulk concen-
tration of more than 40 mg;’L if the water flow veéf}{;é‘?y
s 0.3 m/s or greater. When the bulk concentratio é@
below 10 mg}!h and the %M@ th of contaminated pi pe*
< 150 m, it is expecled that the concentration of benzene
in pipe w&’ier would be bw%mw the MCL for my %ym ical
water flow velocily, Because m he effect of dilution, the
hydrocarbon concentrations in HDPE pipes wit h wawr
flow would be significantly less than those for condi-
tions of stagnation.

FIGURE 3 Lengthofcontaminated pipe required fo exceed
the benzene MCL (5 pg/L) in pipe water for
various bulk concentrations and water flow

velocities for 1-in. SIDR 9 HDPE pipe*
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FIGURE 4 Predicted concentration of benzene inpipe
water for various bulk concentrations after 8-h
stagnation for SIDR 9 series of HDPE pipe®
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To predict the permeation behavior of contaminanis
for pipes with varied dimensions, the D and OD in Eg
4 are known for a specific pipe size, bul the steady-state
permeation rate, P,,, must be corrected for the effects
of dimension. On the basis of the physicochemical the-

in whi

. Po s
Coun ™,

P gy ®)

Cpuik

ch Peisthe permeation coefficient (cm2/s), Sis the sol-

ory of permeation (Crank & Park, 1968), P, can
expressed asin Eq 6:

be

ubility (dimensionless), and /is the pipe wall th Ckn@% {em}.
$ describes the partition of contaminant between the
bulk solution and the polymeric material and, in principle,

FIGURE &8 Cumulative mass permeated per unit surface area Q for BTEX compounds in 1-in. SIDR 9 HDPE pipes exposed
to four concentrations of gasoline-contaminated soils
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~
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Initial BTEX concentration (mg/kg dry soif)}—
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ethyibenzene = 9, m-xylene = 34, o+p-xylene = 37

©2008 Awwa Research Foundation. From Ong, S.K., J.A. Gaunt, F. Mao, C.L. Cheng, L. Esteve-Agelet, and C.R. Hurburgh. impact
of Hydrocarbons on PE/PVC Pipes and Pipe Gaskets. Reproduced with permission.

BTEX—benzene, toluene, ethylbenzene, and xylene, HDPE—high-density polyethylene, SIDR—standard inside dimension ratio
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is a constant for a given contam

is disagreement with respect tow
on the polymer thickness (Park et al,
is believed that D is independent of pm%yﬂfwr thickness
because [ is defermined only by the chemical character-
istics of the polymer, the concentration (activity) of the
contaminant compound, and the interactions between the
contaminant and the polymer, However, other researchers
'we@t'w?ed the effects of thickness on diffusion cmff‘—

ents for HDPE gmmwm:zrmeg exposed to methylen
z::é loride, foluene, frich Eomwhyé ne, and m-xylens amd
found hai the di f“fu@ lon coefficients decreased by 28 {o
36% when the thickness increased from 0.76 to 2.54 mm
at an indtial concentration of 100 mg/L. (Park et al, W%}
Inthe current research, D was assumed to be a constant
for various pipe s hecause this assumption would beé
conservative (but safe) to predict the permeation risk for
large pipe dimensions. For different pipe sizes, therefors,
P, ts a function of only the wall thickness of pipe, [ The
steady-state permeation rate for a specific pipe dimension
1 be deduced by Eq 7:

ant-polymer gﬁm r. There

). Genera

in which P, is the predicted steady-state permeation
rate for the wall thickness of /,, and Py, is the known
steady-state permeation rate for the wall thickness of /.
With known wall thickness, 1D, and OD, the correspond-
ing concentrati ion of benzene in pipe waler was estimated
after 8-h stagnation for the SIDR 9 series of HDPE pipes
under various bulk concentrations (Figure 4).
Compared with large-size g:s‘p% smali-size pipes were
more vuinerable fo permeatio {% igure 43, The higher
susceptibility of small-size m:xeasa o permeation s sup-
ported by the findings of a study of real permeation inci-
dents that reported all permeation incidents for service
lines were associated with pipe ~ 1 in.in diamefer (Holsen
et al, 1991a). For the same bulk concentration, the con-
centration of contaminant in pipe waler decreases with
increasing pipe size, mainly because of the |
thickness and the resulting decrease in permeation rafe.
Resulis for exposure of HDPE pipes to unsaturated gas-
oline-contaminated soil. Figure 5 plots the cumulative
mass permeated per unit area, Q, for BTEX compounds
at four levels of contamination. Toluene and xylenes

P p B @ were the major mmpmmg detected in the pipe waler,
ey, whereas the permeation of benzene through pipes was
TABLE 3 Permeation parameters for toluene, ethylbenzene, and xylenes in 1-in. SIDR 9 HDPE pipes exposed
to gasoling-contaminated soi
Time That
External Bulk Breakthrough MCL Was Steady-state
Concentration Time* Exceededt Time Lag Permeation Rate Diffusion Coefficient
Chemical mg/ kg dry soil day day day g/ emisd ® 10-9 emi/s
Totuene 531 10 14 20 5.1 9.3
119 14 28 30 0.43 6.1
9 26 34 0.0061 5.4
3 42 69 0.0014 2.7
Ethyibenzene 85 18 22 22 0.5 8.4
36 22 41 32 0.12 5.8
9 38 53 0.0054 3.5
3
m-Xylene 267 14 26% 23 15 8.1
115 18 33 0.43
34 30 55 0.027 4
2 62 65 0.0016 2.9
orp-Xylene 261 14 26% 23 17 8.1
115 18 33 0.43
37 30 55 0.027 3.4
14 62 66 0.0016 2.8

@2008 Awwa Research Foundation. From Ong, 3K,
aned Pipe Gaskets, Reproduced with permission

HOPE—high-density polyethylene, MOL—maximum contaminant level, 8IDR—standard |

“Breakthrough time is defined as the time a chemical takes to permeate through the pipe materia

LA Gaunt, FoMao, G.L. Cheng, L. Esteve-Agelet, and C.R. Hur

TMass permeated per unit area in corresponding to MCL was used {o estimate the tin

the experimental period of approximately 90 days.
iDetermined according to the MCL for total xylerne of 10 mg/L

burgh. Tmpact of Hydrocarbons on PE/PYC Pipes

neide dimension ratio

] to be detected in pipe water

me when MCL was exceeded. Blanks indicate that MCL was not exceeded within
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FIGURE 6 Concentrationof fotal BTEX in soil-pore water
versus exposure time

—i@— Organic topsoil
140~ —U— Sand-topsoil mixture
~%~ Silica sand

20~

Concentration of Total BTEX
in Soil-pore Water— mg/L

Time— day

©2008 Awwa Research Foundation. From Ong, S.K., J.A. Gaunt,
F. Mao, C.L. Cheng, L. Esteve-Agelet, and C.R. Hurburgh. Impact
of Hydrocarbons on PE/PVC Pipes and Pipe Gaskets. Reproduced
with permission.

BTEX—benzene, toluene, ethylbenzene, and xylene

FIGURE 7 Cumulative mass of tofal BTEX permeated
per unit area versus exposure time
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©2008 Awwa Research Foundation. From Ong, S.K., J.A. Gaunt,
F. Mao, C.L. Cheng, L. Esteve-Agelet, and C.R. Hurburgh. impact
of Hydrocarbons on PE/PVC Pipes and Pipe Gaskets. Reproduced
with permission.

BTEX—benzene, toluene, ethyibenzene, and xylene

inslgnificant, These observaltions were consistent with
resutts rep@rwd from other permeation incidents (Holsen
et al, 1891a). In three reporied incidents involving gaso-
line, toluene permeated to the grealest degree, followed
by xylenes, Mhy?bevmsﬁ, and benzene (in the same order
as shown in Figure 5, part A), whereas in the other cases
associated with gm%% ne, xylenss permeated more read-
ily, followed by toluene and ethylbenzene (in the same
order shown in Figure 5§, parts Mmd C). Holsen and
co-workers (1991a) attributed the low permeation of
benzene to its relatively higher polarity, The properties

of polarity, however, cannot explain the higher and faster
mrmem on of b {mmpamd with the other BTEX
compounds)y w he”z pipes were exposed o free gasoline
or gasoline-contaminated waler. As indicated in the cur-
rent study, one possible reason is the relatively low ben-
zene concentration remain ”zg n the soils, This low con-
centration inthe solls is mwmmmm to benzene's high
volatili ?yj which gives it the lowest soll sorplion affinity
among the BTEX compounds (Zyiner, 1994). In gaso-
Hr
hi

ine-contaminated groundwater, however, a relatively
high concentration of benzene s generally detected
because of its high solubllity in water (Cline et al, 1991},
From the perspective of permeation risk, therefore, plas-
tic pipes buried in the waler-saturated zone will be more
easity permealted by benzene than those inthe vadose
zone, The case of benzene demonsirates that knowledge
of enwvironmental fale and fransport is essential for evai-
uating the potential permeation risk of contaminants
because the distribution of chemicals among environ-
mental media determines the contaminant levels that
plastic pipes might encounter in the field,
inthe unsaturated soll, plastic pipe permeation was
believed o occur from the vapor ph%e {(Holsen et al,
1991Dh; Park et al, 1991). The current study did not collect
vapor samples for BTEX analysis, and thus the exact
concentration of BTEX In soll gas was unknown during
the experimental period. Al the end of the experi iments,
soil samples were taken from different positions (top,
middle, and bm ttom) of the glass bottle, and the BTEX
concentrations in the soils were found to be relatively
niform. M:}r“ %@(‘}h of the four contamination levels, how-
ever, more than 90% of total BTEX in soils was lost over
the entire experimental period of three months. The loss
of toluene was relatively higher than that of xylene. The
losses were mainly atir bumt le to sorption/diffusion info
the pipe and volatilization. Generally, the diffusion coef-
ficients of organic compounds in the wmr phase through
soil pores are several orders of magnitude larger than the
diffusion coefficients through plastic pipes (Holsen ef al,
1991b). Therefore, the mass transfer in solls may be rapid
enough to hinder the development of & concentration
gradient in the soils. The drop of BTEX concentratior
soils indicated that the pipes were mewd to vm@m
contaminant levels, which resulted in permeation curves
that differed from those obtained wil h constant exposure
concentrations, As shown in Figure &, paris A and B (ini-
tial BTEX concentrations of 1,216 and 388 mg/kg, respec-
tively}, the perme@mn curves, especially for toluene,
flattened out atlater time periods. However, Figure f"'}
parts C and D, st showed a linear increase of cumulativ
mass permeated per unit area over time after @W&zdy-@‘{me
permeation was reached—a typical curve predicted by
permeation theory.
The time-lag efzmmm’*t cannot be used to estimate the
diffusion coefficients of BTEX for this case because the
experimental cor 1d tions did not meet the requirement
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of “constant exposure concentration.” However, it may
be rmwwb% to assume that the exmmreﬂ concentra-
tions did not &yg nificantly decrease at the wm%y time
period, and thus it is st possible 1o app !y the time-lag
method to wiww?e the diffusion coefficients based on
the early breakthrough data. The first 50 days of data
were used to estimate the diffusion coefficients for the
netividual BTEX m*ﬂmu nds as shown in Figure 8, parts
/\ and B, The permeation parameters for toluene, ethyl-
=nzene, and xylene under the fest conditions are sum-
zed in Table 3.
Generally the diffusion coefficients, D, in Table 3 were
of the same order of magnitude as thm% found in the

According to a survey completed in the
1980s, polyethylene pipes were involved
in 39% of total incidents of drinking water
contamination resulting from permeation
by organic contaminants.

agueous experiments (10-2 cm?/s), were concentration-
dependent, and showed signs of synergistic effects. The
synergistic effect was demonstrated by the diffusion coef-
ficients of the three xylene isomers. ina mrw'mm study
of HDPE ¢ jmrm mbranes (8%%@6% N al, 1989), significant
differences in the diffusion coefficients were detected for
the three xyE ene isomers because mf the effect of molecule
structure (shape)} on diffusion. In the current study, how-
ever, the three compounds had "déf}‘tmi permeation char-
acteristics when they coexisted in the soils, N@ mwmm
study specifically investigated 1 Ew permeation of organi
contaminants | hr@ugfﬂ PE pipe buried in mwmm ed sol E“
I addition, comparing ?hzé a:i ffm ion coefficients obtained
from the three permeation tests (free pm}duci‘, gasoline,
gasoline-contaminated Wé&‘fﬁé&!‘“, and gasoline-contaminated
unsaturated soll} on the basis of the values of activity s
ach ”EE enge because of the lack of consistent definitions
(?f activity (Park et al, 1991).

Results for effect cxfmtt organic matter on permeation,
Sorption of BTEX into the soil organic matfer was
rapid, as shown in Figure 6, BTEX in the soil-pore water
for the organic fopsoil and sand- mpw i mixture dropped
dramatically within the first week {mgaméy because of
sorption to the soil) and then d@orw%rﬁ stowly (mainly
t:zezemmef of sorption/diffusion into i:h@ f ipe and volatil-
jzation losses). Under o‘ifwrw ise identical initial condi-
tions, the BTEX concentration in mE -pore waler was
lowest in the organic mpm H, whi f“ had the highest
organic carbon content (5.1%), intermediate in the
sal ”ed topsoil mi x“?uw (1‘@% organic wrbm}, and high-
est insilica sand, which had an insignificant organic
mrt:zm confent. The different BTEMX concentrations

were attribuied to different BTEX sorption capacities
for different types of soil. The higher organic matter in
the organic %omof r%u%tm in greater soil uplake of
BTEX and a significant decrease of BTEX concentra-
tions in the soii-pore wmer (Chiou & Peters, 1981).
As demonstrated previously, the rate al which BTEX
permeated HDPE pipes was strongly dependent on the
external bulk concentration. The %m? noof BTEX by
soibts decreased the BTEX concentration in the soli-pore
water and thereby decreased the rs&‘?;@ of permeation
(Figure 7). The breakthrough times of benzene for silica
sand, sand-topsoll mixture, and organic topsoll were
13, 16, and 19 days, respectively. After two months of
exposure, the cumulative mass of BTEX permeated per
unit area through the pipe buried in silica sand was
nearly twice that of the sand-topsoll mixture and f@ur
times that of organic topsoil, However, high soil organi
matier cannot be relied on to protect pipes from Déﬁm’w—
atlon because such soils we%mm%y will reach thelr max-
fmum adsorpltion capacities under field conditions. The
effects of soil organic matter on permeation found in the
current study were consistent with results of research on
the permeation of organic contaminants through PB
pipes (Holsen el al, 19891b).

i
n

CONCLUSIONS
On the basis of analysis of experimental resulls, sev-
eral conclusions can be drawn.

HIDPE pipe was rapidly permeated when exposed
to gasoline-contaminated water or gasoline-contaminated

unsaturated soi E@ Benzene and toluene accounted for
nearly all | E tal BTEX that permeated into the pipe
waler when pi pe@ were buried in the silica sand saturated
with gas 0% ine-confaminated waler. "E"oiuem and xylenss
were the major compounds defected in the pipe waler
when pipes were buried in the gmo@ ne-contaminated
unsaturated soils,

With the use of the time-lag method, the diffusion
coefficients of BTEX compounds were estimated {o be on
the order of ~2 to ~8 = 10-¥ em?/s. The diffusion coeffi-
cients were concentration-dependent and might be influ-
enced by the synergistic effect of organic mixiures.

The steady-state permeation rates of benzene and
toluene through HDPE pipe were logarithmically depen-
dent on the @x?eﬂmm bulk m‘mmﬂ“z&témn Fredictions

using the empirical equations indicated that small-size
rpwe& were more vuinerable m permwz on than large-
size pipes, and pipes with waler stagnation periods

posed a much greater risk of exceeding the benzene
MCL relative fo pipes with continuous waler flow,
Immediate corrective action should be taken in the event
of a known spill of gasoline or organic solvents in the
inity of an HDPE service line,

HDPE pipes buried in soils of high organic matter
were permeated 1 o a lesser extent than pipes buried in a
oil of low organic matter, This is attributable to the
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sorption Qf 0 "gmnéa compounds by the organic matler,
resulting in a lower soil- -pore water concentration
compared wil ,h soils contain "&g low amounts of organic
matter, However, high organic matier in WE cannot be
relied on to protect pipes from permeation because
such soils eventually will reach their maximum adsorp-
tion capacities under field conditions.
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